The semi-aerobic landfill is a widely accepted landfill concept in Japan because it 14 promotes stabilization of leachates and waste via passive aeration without using any 15 type of mechanical equipment. Ambient air is thought to be supplied to the landfill 16 through a perforated pipe network made of leachate collection pipe laid along the 17 bottom and a vertically erected gas vent. However, its underlying air flow path and 18 driving forces are unclear because empirical data from real-world landfills is 19 inadequate. The objective of this study is to establish scientific evidence about the 20 aeration mechanisms and air flow path by an on-site survey of a full-scale, 21 semi-aerobic landfill. 22
(1) Survey schedule 153 We visited the site on three occasions-on June 18 and 19, October 24 and 25, and 154 November 15 and 16, 2013. In June, all gas vents were identified and numbered, as 155 shown in Figure 2 , and we determined the gas velocity and temperature at the exits of 156 all gas vents. The composition of gas exiting the vents was measured at those vents 157 from which the gas flow rate was relatively high. In October, we determined the 158 altitudes of the gas vents, and the gas flow velocity and temperature at all gas vents 159 was measured again. We also conducted a preliminary trial of a tracer gas test to 160 estimate the response time for gas monitoring. The injection point of the tracer gas was 161 determined based on the June survey. In November, we conducted the tracer gas test 162 twice. Temporal variations in gas flow measurements were identified, and the change 163 in gas temperature at night was also measured. (2) Gas velocity and temperature 166 The gas velocity and temperature at the exit of the gas vents were measured using 167 an anemometer (Kanomax 6531; detection range of 0.01-30 m/s and an accuracy of 168 ±2%) and a digital thermometer (Thermo PORT TP-100mR; detection range of −56 to 169 306°C and an accuracy of ±0.1°C). We recorded a 10-s average gas flow velocity 170 because of the high fluctuations in the flow velocity. Before measuring the velocity 171 and the temperature, we identified the direction of the gas flow at the exit of the gas 172 vents using a smoke tube (GASTEC No. 501). This was very useful due to the 173 difficulty in determining the gas flow direction when the flow velocity was small. 174 The anemometer and thermometer sensors were inserted into the gas vents as 175 close as possible to ground level (see Figure 4 (a)). The altitude of the gas vents was 176 measured by GPS, and photos were taken to record the conditions around these vents, 177 such as the slope of the surrounding area.
(3) Gas composition Geotechnical Instruments). The analyzer was equipped with a pump working at a 182 sampling rate of 300 ml/min. A sampling tube was lowered into a gas vent to a depth 183 of 50 cm below ground level, and measurements were recorded after 60 s of sampling.
184
The presence of five different gases (CH 4 , CO 2 , O 2 , CO, H 2 S) were simultaneously 185 detected at ranges of 0%-70%, 0%-40%, 0%-25%, 0-2000 ppm, and 0-500 ppm, 186 respectively. The accuracy of the measurements for CH 4 , CO 2 , and O 2 were ±0.5%,
187
±3%, and ±0.1%, respectively. The amount of N 2 was determined by the balance of 188 CH 4 , CO 2 , and O 2 . 
Gas flow rate at passive vents 203
The gas flow rates at the gas vents, calculated from the data obtained in June, are 204 plotted in Figure 3 . The area of the circle is proportional to the gas flow rate. Flow rate 205 was not determined at several vents, either because they were covered or because of 206 some other reason. Unexpectedly, air flowed in at several gas vents, as shown by the 207 smoke travel path in Figure 4 (b). In this context, the gas vents are either called inflow 208 or outflow vents, according to the gas flow direction.
209
As shown by the contour line in Figure 3 , most of the inflow vents were located at 210 low altitudes. According to the theoretical functioning of semi-aerobic landfills, air is 211 drawn in through the leachate collection pipe (see Figure 1 ). In this landfill, however, 212 gas vents also took in air if they were located near the landfill bottom, even though 213 waste was deposited 15m below the exits of inflow vents. In June, we found the top of 214 the leachate pit, into which leachate was discharged from the collection pipe, covered with a nonwoven fabric, while it had not been covered in October. Regardless of these 216 different conditions of the leachate collection pit, vents No. 1 and PN1-PN5 217 functioned as inflow vents during both months.
218
The air flow rate from the end of the leachate collection pipe (calculated using the 219 average gas velocity and the area of the collection pit) was almost equivalent to that of 236 The relationship between the gas flow rate and gas temperature for the outflow vents 237 is shown in Figure 5 . The number of gas vents plotted in the figure is 35 and 29 in June 238 and October, respectively, and the ambient temperature is also shown. In both months, 239 a linear correlation was found between these parameters, i.e., as the gas temperature 240 increased, the gas velocity also increased. As indicated by their intersection on the 241 x-axis, this figure supports the assumption that the temperature difference between the 242 waste and the environment is the driving force behind the gas flow.
Relationship between gas flow rate and gas temperature

243
Therefore, the gas temperature is the most easily measured indicator of the gas flow 244 rate. A higher temperature signals a higher rate of gas flow. If the temperature is equal 245 to that of the environment, either air is drawn into the gas vents or no gas flow exists. instantly increased from zero to a specific value at the inflow vent; therefore, this was 285 called the "step response test." The tracer gas was injected into either vent No. 1 or 286 PN1. Vent No. 1 was selected because it was the first gas vent on the main leachate 287 collection pipe, and it had the largest air inflow rate. The reason for selecting PN1 was its straightforward connection with other vents (see Figure 2 ). No. 1 was connected to 289 N1, N2, No 2, PS1, and other vents, and air from the end of the leachate collection pipe 290 was mixed with air from those vents. PN1 was directly connected to N1.
291
Injection of the CO gas into PN1 started at 11:36, and the CO concentration was 292 continuously recorded at N1 using the carbon monoxide meter (GCO-2008). The CO 293 concentration at neighboring gas vents (Nos. 2 and 3, N1-N3, and PN2) was also 294 measured using a portable gas analyzer. Based on a preliminary test conducted in 295 October, the CO gas flow rate was set at 1 L/min to keep the gas concentration lower 296 than 1000 ppm, which is the highest detectable concentration for the GCO-2008 meter.
297
Gas injection continued until 13:59 with a total running time of 140 min. layer. The CO tracer gas was also detected at vents Nos. 4 and 5, and they showed an 322 increasing trend similar to that observed in Nos. 2 and 3. The detection of CO at vents PS10 and PS11 tells us that the leachate collection pipe supplied air through the 324 majority of the interconnected leachate collection pipework.
325
By integrating all the information obtained in Figure 8 (a), we estimated the air 326 flow paths, as shown in Figure 9 
338
Unlike the response at Nos. 2 and 3, there was no evident P pipe path between PN1 and 339 N1. We consider this to be due to the clogging of the PN1 vent. The estimated aeration 340 path for the CO injection from PN1 is shown in Figure 9 (b).
341
CO gas was selected for the tracer test for the ease with which it can be 342 continuously monitored. Since CO is not inert and could have been oxidized as it 343 passed through the waste layer during the tracer test, the CO concentration in Figure 8 344 might have been lower than the actual value. 
